In this paper, the experimental demonstration of Echelle Grating multiplexers in generic thick Silicon technology, using metal reflectors, is reported. Two multiplexer designs are shown, covering the Cband and partially the S and L bands, with 4 and 8 channels respectively. The multiplexers exhibited performance similar to previously reported devices on dedicated manufacturing processes. The average figures measured are insertion loss 5 dB, loss non-uniformity 3 dB, polarization dependent loss 0.6 dB, polarization dependent wavelength shift of 0.3 nm, with reduced footprint. The performance comparison between multiplexers with and without metal mirrors, for both polarizations, is provided. Several dies were measured, and the passband features for the multiplexers are analyzed, giving a reference on the process variations for future designers.
Hence, the purpose of this paper is to report on EG multiplexers in a generic thick Silicon manufacturing platform. The paper is structured as follows. Section 2 provides a general review of the most relevant works addressing EGs in SOI technology. Next, section 3 reports on the experimental outcomes of the demonstrated devices, including statistical analysis of passband features such as insertion loss, polarization dependent loss (PDL), polarization dependent wavelength shift (PDWS), bandwidth, adjacent and non-adjacent cross-talk and the comparison between devices with and without metal reflectors for both polarizations. Finally, the conclusions are presented in section 4.
State of the art and design
A summary of devices previously reported in journals is given in Table 1 . For completeness, the table includes both thick and thin Si waveguide devices. The former have a typical cross-section of 3x3 µm 2 , and the latter typically 0.45x0.22 nm 2 . Hence, the micrometric waveguide supports both TE and TM, whereas the nanometric mainly guides TE polarization with such a cross-section. The thin Si devices have been reported for the optical telecommunication C-band (1530-1565 nm) [20] . For thick Si devices, the EG reported in [15] is an S-C band multiplexing device for passive optical networks, whereas the one demonstrated in [13] operates at S,C and L-band as well.
Regarding the grating line, some of them report different techniques to increase the reflectivity, to compensate, up to some extent, the Fresnel reflection loss [21] taking place between the Si guiding layer, and the cover layer, in some cases just air, in others SiO 2 . Hence, Distributed Bragg Reflectors (DBR) [16] [18], a 45 o corner cube [17] and the deposition of metals as aluminum [13] have been reported. The latter requires additional processing steps, but the achieved reflectivity may be larger than the other techniques, albeit the former are attained within the same waveguide lithography.
EGs with 4 and 8 channels (EG4 and EG8 onward) were designed according to the specifications in the first two columns of Table 1 . The design process is as reported in [22] . The devices are based on a curved facet type grating and make use of input/output waveguides with the following characteristics: width 2.4 µm, side etching 1.75 µm, input waveguides center at 36
• and output waveguides center at 41
• and 39
• for the 4 and 8 channel device respectively. The slab mode effective and group indices were computed to be 3.46 and 3.6 respectively.
In the design area, two EG4 devices, with and without metalization, were included. All the EG8 devices include metal mirrors, as stated in Table 1. 3 Experimental results
Fabrication
The devices were fabricated in the generic technology platform provided by VTT Finland [11] . The typical performance for 3 µm width waveguides is: propagation loss 0.1 dB/cm, fiber i/o coupling up to 90% (lensed fibers), or 40% (regular fiber) and small polarization dependence [5] . Additional metalization steps are available in the platform, and they were employed to cover some of the grating lines in our devices. To be precise, the mirrors are formed by depositing two thin layers on top of the Silicon guiding layer: a first layer of SiO 2 (265 nm, corresponding to a quarter-wave), and a second layer of 150 nm aluminum. As reported by the manufacturers, reflectivity of these combined layers can be as good as 92.7% [23] . Using other reflective devices within the same dies [24] our conclusion is the reflectivity in these chips is approximately 79,4 %. A Field Emission SEM (FESEM) micrograph of the fabricated devices is shown in Fig. 1 , with an inset showing the view of the grating line, where the metal area is highlighted in pseudo-color.
Characterization setup
The characterization setup consists of a set of three motorized positioners. Two of them are used for holding the in/out coupling stages for end-facet chip coupling whereas the third one holds the sample on top of a thermally controlled ( coupling stage consists of a fiber holder, collimating lens, free space polarizer and microscope objective. The purpose of this stage is to set the polarization of light that is injected into the chip. The light is collected out from the chip using a lensed fiber. Nontheless, in order to discard polarization rotation issues, the first measurements were done with an output stage identical to the input one. With the filters set in orthogonal polarizations, no power was collected at the ouptut. Therefore the lensed fiber was used to collect light for simplicity.
For the measurements, the in/out stages are aligned manually in two steps. Firstly, they are approximated to the waveguide locations by visual inspection using the microscope and a using red light source. The approximated distance and height are determined visually from the red spot on the edge of the chip. Secondly, without red light, a broadband light infrared source is connected to the input coupling stage, whereas a power meter is connected at the end of the other. Hence, the positions of the input microscope objective and the output fiber are optimized with the motorized stages to obtain the maximum power. After the alignment is optimized, an Optical Spectrum Analyzer (OSA) is used to record the infrared spectra with a resolution of 10 pm. 
Transmission Spectra
The transmission spectra for two samples of EG4 and EG8 devices are shown in Fig. 2 -(a) and (b) respectively. The results are normalized with respect to a straight (test structure) waveguide. The minimum insertion loss for the EG4 is around 5 dB, versus 2 dB for the EG8 device. Conversely, the EG8 exhibits higher loss non uniformity, around 2 dB, compared to 1 dB for the EG4 design. This is in agreement with the channel spread within the free spectral range, which is larger for the EG8 (80 nm within the FSR of 113 nm) compared to the EG4 design (80 nm within an FSR of 198 nm), which happens to be a common feature with other diffractive multiplexers [25] .
The graphs also show the overlaid spectra for TE and TM polarizations, which were set using bulk filters in the in coupling stage mentioned previously. In accordance to the small polarization dependence of this thick Si technology, from the graphs low PDL and PDWS are observed. For these particular devices PDL is as low as 0.2 dB, except for the third channel in EG4 on Fig. 2-(a) , and PDWS is as low as 0.3 nm. Both values are in good agreement with other reported thick Si EGs [13] [15] .
Finally, and less noticeable, all the passbands have a common feature, that is a small side lobe close to the left side of the main lobe (towards shorter wavelengths). This side lobe is also predicted in the design and simulation stage, where slanted grating sidewall (between 1-2
• ) were included. The slanted grating walls result into slightly increased insertion loss in the main band, due to the coupling to higher order (vertical) slab modes in the EG, which in turn result into the aforementioned left side lobe present in all the spectral traces [13] .
Passband features analysis
Several dies were retained for full measurements, having as target the analysis of variations among them. Each die includes test structures and four EGs, two of them are the EG4 design with and without metal mirrors. The other two are EG8 designs. In some cases the results shown onwards are only for TE polarization for the sake of clarity, since for TM similar results were obtained. EG devices from five dies were measured in full, and other dies were discarded due to randomly damaged i/o waveguide facets for the multiplexers.
In fact, this lead to investigate the possibly different coupling levels to the waveguides. Hence, Fig. 3 shows the mean transmitted power, and standard deviation, at 1550 nm, derived from sets of four test straight waveguides per die, and for the two polarizations. The overall average for all the waveguides and chips is -31.35 dBm/50 pm and -31.4628 dBm/50 pm for TE and TM respectively, with corresponding standard deviations of 1.55 dB and 1.86 dB. These results are relevant for the evaluation of all the pass band features related to power, that are presented in the following paragraphs, such as insertion loss, loss non-uniformity and PDL). wavelength corresponding to the passband 3-dB bandwidth center, both for EG4 and EG8, in panels (a) and (b) respectively. The collected statistical features from the passbands are summarized in the first two columns of Table 1 . As mentioned previously, note that a part of all the variations reported for the figures related to optical power can be attributed to different facet condition for the different EG input/output waveguides, and that they may be reduced by facet polishing [26] .
In terms of channel insertion loss, the average of the peak insertion loss for all channels and dies was calculated. EG4 and EG8 exhibit 5.7 dB and 4.3 dB with little variations, as detailed in the table. Compared to previous reported values, Table 1 [13] [15], these are 2-4 dB larger. This maybe attributed to a nonoptimized generic process which was also used for the first time to this purpose, compared to the industrial dedicated process from [13] [15] . Next, the loss uniformity of the devices was calculated as the difference between the maximum and minimum peak transmission for each device. The mean and standard deviation over all the dies is also shown in Table 1 , where similar results were obtained for EG4 and EG8, that is an average uniformity around 3.7 dB with variations of around ±1 dB.
The PDL was calculated as the difference of the peak amplitude for TE and TM polarization of a given channel. The results are similar for EG4 and EG8, where the average PDL is close to 0.6 dB, whereas other thick Si references, Table 1 [13] [15] reported a PDL of 0.2 dB. In terms of PDWS, computed as the difference between the wavelengths were the TE and TM maxima per channel are locateld, our results are on average close to those previously reported of 0.3 nm.
The bandwidth was calculated from the measurements for all the devices and channels, and the obtained bandwidth values were averaged over all the channels and samples as well. The N-dB bandwidth was calculated as the wavelength difference between the two poins in the passband N-dB under the maximum. The average and standard deviation interval for the EG4 and EG8 devices are depicted in Fig. 5 . A Gaussian power transfer function was fitted to the 3-dB bandwidth, and is shown in dashed lines within the same graph. Both devices exhibit a good match to a Gaussian band pass down the 10-dB point from the maximum. This is also the case for the EG8 down to the 20-dB point. However, the EG4 device exhibits larger deviation from a Gaussian response at the 20-dB point, compared to the EG8 design.
The cross-talk was computed as the maximum value of the adjacent (non-adjacent) channel(s) in a given channel 3-dB clear window [26] . The average for adjacent channel cross-talk is around -33 dB and -34 dB for the EG4 and EG8 respectively. This is slightly better than reference [13] and similar to reference [15] . The non-adjacent channel cross-talk is approximately -38 dB for both devices. Figure 6 : Loss difference between the metalized and non metalized grating line devices, EG4 different dies (5, 6, 7, 10, 11) in (a), where each EG channel is represented with different symbol (legend), and the Fresnel reflection loss limit is marked in a black line, for TE and TM. Comparison of averaged responses from all the EG4 channels (b), with and without grating line metalization, and for TE and TM polarizations. Fig. 6-(a) shows the loss difference per channel between EG4 devices with and without metal mirrors, and for both polarizations. Excluding die number 7, the difference varies between 5 and 7 dB approximately both for TE and TM. Fig. 6-(b) shows the averaged spectra for all channels, analog to Fig. 4 . The difference for the EG4 metalized and non-metalized devices is 4.62 dB and 4.67 dB for TE and TM. In all the cases, both devices (with and without mirror) sit on the same die, that is the grating line patterning is expected to be similar, despite the orientation is different, as can be seen in Fig. 1 .
Metal mirrors analysis
In an ideal situation, one would expect the loss difference between devices with and without mirrors to be close to the Fresnel reflection loss. Since the difference between the incident (input waveguide) and diffraction (output waveguides) angles is 5
• , the Fresnel reflection loss contribution is calculated to be 7.83 dB for TE (for SiO 2 cover, for air it is around 4.7 dB [19] ), and 7.51 dB for TM. Using the mirror structure described above, ideally the loss in the interface would 0.069 dB and 0.064 dB for TE and TM respectively, slightly less lossy for TM [27] . Nonetheless we measured these SiO 2 -Al mirrors reflectors in the dies provide a reflectivity in average of 79.4 % (1.0 dB loss) [24] .
Hence, this approximately 2.0 dB variations in agreement the ones described from Fig. 6-(a) , which may be attributed, besides to poorer performance of the mirrors in some cases, to different sources of errors: different imperfections in the grating lines of metalized and non metalized devices (roughness, rounded corners, ...) as well as differences in the in/out coupling properties of the different samples used to average and substract.
Conclusion and outlook
In this paper we reported on Echelle Gratings multiplexers designed and manufactured using thick Silicon photonic integration technology. The paper supplies information of variations on different figures of merit for the multiplexers. Furthermore, the comparison between devices with and without metal mirrors is supplied as well, for different polarizations.
